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Abstract  
Assessing concrete condition is of major interest either for looking at weak or more 
damaged areas, or for reliability computations. NDT measurements provide an interesting 
way offering a quick overview on the material condition. One of their main drawback is that 
their results cannot be directly linked with material properties. This paper presents how a 
collaborative research program has been developed such as : (a) to select the best appropriate 
measurement techniques, (b) identify calibration laws enabling the material condition 
assessment, (c) identify possible interesting combination sets of techniques. This strategy is 
applied to laboratory specimen data as well as to on site data.  
Résumé  
L’évaluation des propriétés du béton est du plus grand intérêt, qu’il s’agisse de détecter 
des zones endommagées ou altérées ou que l’on souhaite calculer la fiabilité de la structure. 
Les mesures CND offrent une voie intéressante d’analyse. Une de leur faiblesse principale est 
que leurs résultats ne sont pas reliés directement aux propriétés des matériaux. Cet article 
présente comment un projet de recherche collaborative a été développé pour : (a) sélectionner 
les techniques les plus appropriées, (b) identifier des lois de calibration qui permettent 
d’évaluer l’état du matériau, (c) identifier d’intéressantes combinaisons potentielles de 
mesure. Cette stratégie a été appliquée à la fois à des spécimens de laboratoire et à des 
ouvrages in situ. 
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1  Introduction  
Much research has been devoted to the development of techniques or of data processing 
for a better assessment of building materials. Some authors have tried to synthesize the 
abilities of techniques with respect to given problems [1-3] or to define the most promising 
paths for future developments [4]. The general agreement is that the quality of assessment is 
limited due to sources of uncertainties arising at various levels and caused: by the testing 
method, by systematic interfe-rences with the environment, by random interferences (due to 
material intrinsic variability), by human factor influence and by data interpretation [5]. It can 
be added that material variability, which cannot be neglected in concrete, increases the 
difficulty since it is not always simple to say if a measured difference comes from a real 
difference in material properties or from its inherent variability.  
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A last problem is encountered since the mechanical assessment of the structure always 
requires “engineering properties” (like stiffness and strength) which cannot be measured 
directly with NDT, which are only sensitive to physical and chemical properties. Thus one 
has to identify the relations (if possible theoretical relations, but more often in practice 
empirical relations) between what is measured and what is expected for. These relations can 
thus be used on the basis on calibration curves/charts, such as to derive the expected 
parameters. The authors have also recently presented what are the practical interest and limits 
of such approaches, illustrating them by the classical SonREB technique [6], which combines 
the use of sonic wave propagation and rebound hammer such as to assess the material 
strength [7], like it can be used with respect to the EN 13791. Finally, it must also be said 
that, in many examples, NDT are used just to “show what they can bring”, but a general and 
systematic strategy has scarcely been used, despite the existence of general guidelines [3]. 
Our objective will be here to build more systematic and more rational foundations for the 
future use of NDT in concrete analysis.  
2  Experimental strategy 
2.1  Description of experimental program – variability at various scales 
 
SENSO, is a specific research program which has been designed under the auspices of French 
National Agency of Research (ANR) such as to quantify both the relations between indicators 
and observables and sources of uncertainties (measurement error εY, local scale variability Xloc 
and global scale variability Xglob) for a large series of NDT observables and concrete material 
properties (indicators), namely: strength, modulus, porosity, water content, carbonation depth, 
chloride content, magnitude of microcracking. The full programme will not be described here 
into details, but only the methodology used for gathering useful data, building the relevant 
relations and performing first improved assessments. The programm is separated in several sub-
programs, partly based on laboratory measurements and developments and partly on on-site 
measurements [8-9]. 
The first part of the program consists in analyzing the effects of water content and porosity 
variations on the NDT observables for several concrete mixes, on laboratory specimens. 
Specimens are concrete slabs taken from 9 mixes in which are varied w/c (from 0.30 to 0.90), 
type, size and shape of aggregates. Eight slabs have been casted for each mix and all NDT 
measurements have been performed on all slabs. The first series of measurements is focused on 
porosity and water content influence, thus the saturation of slabs is controlled, and varied from a 
“saturated” reference state to a “dry” one. Many NDT techniques have been used by 5 research 
teams and consist in radar measurements, acoustical measurements, electrical measurements, 
infrared thermography measurements and capacimetry measurements. Each technique can 
provide a series of observables (f.i., for radar, velocity, magnitude or attenuation at several 
frequencies, shape of the signal...), thus about 50 observables have been defined and estimated 
on each specimen. Control tests have been performed on companion specimens, on cylinders and 
cores, and semi-destructive tests have also been performed (Capo-test and rebound hammer). In 
further parts of the experimental program, the same methodology has been applied for the study 
of chloride content and carbonation depth. 
Knowing the various sources of variability, the measurement process is defined such as to 
quantify, for each observable, several variance estimators: 
-  V1, coming from the lack of local repeatability of any measurement, at a given point, 
when the measurement is done several times. It is estimated after N repetitions (often 10 in 
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laboratory mesurements). This variance corresponds to the  measurement error εY and averaging 
measurements provides a punctual value of the observable; 
-  V2, coming from the internal material variability at short range (due to the concrete 
fabric, to boundary effects, to the inhomogeneity in water content...). It is estimated by moving 
the sensors within a limited area which is assumed to be homogeneous. This variance is, in 
practice, superimposed to that due to the measurement error. Averaging a certain number N of 
measurements (often 10 in laboratory mesurements), the effect of material local variability (at a 
scale below the REV – representative volume element) tends to vanish and one obtains an 
estimate of the local representative value. It is attached to a specimen (slab) in the laboratory and 
to an area of limited size during on-site measurements;  
-  V3, coming from the “natural concrete” large scale variability. It is evaluated by 
comparing the local representative value obtained at  different points. For laboratory specimens, 
it is obtained by comparing values measured on 8 slabs from the same mix. On site,  values 
obtained in different areas are compared; 
-  V4, which is the global contrast between different concretes, of between (on site) parts of 
a structure which are in different conditions. It can be told that this variance is the “signal” when 
all others correspond to noise at various scales. 
Other variances, due to the repeatability of mixes or to controlled variations in concretes, are 
studied in the program but they are not considered here.  
2.2  Process for selecting most appropriate  techniques 
2.2.1  Criteria for selection 
In the following, we will call : (a)  indicator the material property which is looked for : 
porosity, water content, strength, modulus, carbonation depth... ; (b) observable the result of 
the NDT measurement, often corresponding to a physical process. The observable usually 
depends in an indirect way on the indicator. 
The question is to build objective rules, when one wants to estimate the value of a given 
indicator, such as to select the more appropriate observables. This optimal choice relies on 
several criteria: 
- accuracy: the V1 variance must be as low as possible, to ensure the intrinsic quality of 
any measured value; 
- truthness: since the measured value must approach as much as possible the “true” value. 
This criterion has been appreciated by doubling a series of measurement on a “twin mix”, and 
by comparing the values obtained on the two series of slabs; 
- sensitivity/relevancy: since the objective is to quantify the indicator, the technique must 
be as sensitive as possible to any change in the indicator value. Thus contrast can be detected 
and, if one has built calibration relations, their inversion will lead to the indicator estimation. 
This ensures that the technique will be able to detect any existing variation. 
However, in practice, this last criteria can be discussed since , in some cases, an 
observable which is NOT sensitive to an indicator is interesting. If one considers that a first 
observable (let us call Y1) is sensitive to two indicators (X1 and X2, for instance porosity and 
water content) and if a second observable (Y1) is only sensitive to X2, the second 
measurement provides the X2 value which can be used for inverting the first relation and 
giving finally also the X1 value.  
2.2.2  Results of selection 
The first task consists in, for each observable, building the variances at various levels, in 
order to apply the selection criteria. All measurements have been used to build empirical 
linear relations like Y = a X + b, where r² is the coefficient of determination and σa and σb are 
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respectively the standard deviation of a and b coefficients. Two variants have been 
considered for selecting observables, the first based on variance analysis, the second one on 
the quality of the regression. They lead to results which are very similar. The criteria of 
selection are synthetized in Table 1. 
 
Table 1.   Quality index and relevancy index for the two variants. 
Variant A  B 
Quality index  IQ = - log (V1/V3)- log (V2/V3)
  
IQ = r²  
Relevancy index  IPi = - log (V3/V4i)    IPi = a / σa       
 
In variant A, the idea is that the values of V1 and V2 have to be the lowest possible when 
compared to material “intrinsic variability”. The log scale is used to build an index without 
dimension. V4i is the variance due to contrast between concretes when the indicator i 
changes. The idea is that IPi increases as much as V4i is large when compared to V3. In 
variant B, the idea is that, for the same level of sensitivity, r² increases if the measurements 
are of high quality. Regarding relevancy, the observable is better when the a slope is 
estimated with a smaller uncertainty, thus giving way to a good estimation of X after 
inversion.  
Figure 1 shows what can be obtained with the speed of surface waves V, for concrete 
specimens of eight mixes (the more compact mix has been excluded, since it was difficult to 
control its water content) for saturation rates Sr varying in the 30%-100% range. The 
empirical regression equation expresses: V = 1796 + 5.44 Sr. It shows a high sensitivity to Sr, 
since the speed gains 300 m/s between dry and saturated specimens.  
y = 5,4369x + 1795,6
R2 = 0,7173
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Figure 1. Experimental relation between surface waves velocity and saturation rate Sr. 
The figure 2 shows the value of quality indexes and relevancy indexes for five selected 
observables, namely: Y1 the group velocity of surface waves (in m/s), Y2 the UPV of 
compression waves (in m/s), Y3 the log of electrical resistivity (in Ω.m), Y4 the magnitude of 
a radar signal and Y5 the time of arrival (in ns) of a radar signal. The higher the value of 
index, the better the observable. Experts having proceeded to data analysis consider that 
values of IQ > 1 and IPi > 0.6 correspond to good observables, thus results on Figure 2 
correspond to the best ones, regarding the IQ index. If ones looks at Ipi indexes, this is more 
contrasted, since all observables are relevant for the Sr indicator (the five measurements are 
highly sensitive to the saturation rate) when only three are relevant for porosity, to which 
radar observables are not sensitive enough. One must also note that the list of selected 
observables is only built here from data obtained in the first part of the experimental program. 
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It is possible that, when other indicators will be studied, like carbonation depth or chloride 
content, other observables may appear has relevant (e.g. having high IPi values).  
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Figure 2. Values of quality and relevancy indexes for five selected observables 
3  Quality of estimation of an unkown indicator 
3.1  Principles for estimation 
Observables are linked to indicators by an unknown function Y = f(X), which is 
approximated by a fM model, calibrated from field data. Let us assume that the indicators are 
the Young’s modulus and the saturation rate.The linear empirical model expresses: 
Yi = ai + bi Sr + ci Esat                      ( 1 )  
In this expression, the Yi value depends on both indicators (as it had been seen at Figure 2 
for the dependancy of Yi). Thus  Sr (respectively Esat) can be identified in two situations: 
-  it is assumed that Esat (respectively Sr) is known and that only the second indicator is 
expected. It is thus derived by inversion of Equation (1), 
-  it is assumed that both indicators have to be quantified, thus one needs (at least) two 
equations, corresponding to two observables, which enables the system resolution. 
 
3.2  Case when there is only one unknown indicator 
In the first case, it comes  
Esat = (Yi - ai  - bi Sr ) / ci                       ( 2 )  
However, the quality of the estimate (assuming the model is true) is related to the 
standard deviation sd(Yi) and to the number of measurements n  which will be averaged such 
as to reach an average value. Assuming that the series of measurements follows a gaussian 
distribution of known sd (Yi)  one can say that, at the level of confidence  (1 - α ) the “true” 
value E(Esat) of  Esat belongs to the interval +/- kα/2 sd(Yi) / bi √n around the empirical average 
value. 
Thus one can calculate the minimal number of measurements which is required such as to 
estimate the indicator at a given accuracy level +/- ∆Ε(Esat) (and a given level of confidence): 
n   ≥ (kα/2 /  ci ∆Ε(Esat) ) ²   .   V 3                    ( 3 )  
Equation (3) can be used in different situations (for instance for on-site measurements), as 
long as the model is supposed unchanged. One has only to compute the new values of 
variance V3 corresponding to each case (this is straightforward as soon as one has the Yi 
measured values). For instance, this rule has been applied to a series of on-site measurements 
(RC beams in the port of Saint-Nazaire, in oceanic environment, along the Loire river). Table 
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1 gives the minimum number of tests for obtaining Esat at +/- 500 MPa. and a confidence 
level = 90 %. 
 
Table 2.   Minimum number of tests for the estimation of Esat at +/- 500 MPa 
observable  Y1 Y2 Y3 Y4 Y5 
number of tests  3  7  16  1796  44 
Since all these observables have been selected for the good quality of the measurements, 
the large number  comes from the fact that some of them are not sensitive to any variation of 
the indicator. In fact they will, reversely, help in determining the Sr value in Equation (6) and 
they will also be used for further indicators, like chloride content.  
 
3.3  Case when there are two unknown indicators 
 
It must however be noted that these estimated numbers are probably optimistic, since they 
consider that the regression model is exact (which is certainly not true) and that the second 
indicator is known. Any uncertainty ∆Sr on Sr will result in an uncertainty  
∆ Esat  = +/- bi ∆Sr / ci                         ( 4 )  
on the Esat estimate. One can verify that the effect of the imperfect knowledge of  Sr 
considered as a possibe bias factor has non negligible consequences. 
 
Table 3.   Additional uncertainty for an uncertainty of +/- 5 % on Sr value. 
observable  Y1 Y2 Y3 Y4 Y5 
additional uncertainty (MPa)  +/- 924  +/-1120  +/-1736  +/-5740  +/-5914 
 
4.  Added-value of combination – porosity – water content example 
 
Two observables show significant complementarity if they have a different sensitivity to 
indicators. Figure 3a-3b plot the multi-regression model in 3-dimension for observables Y1 
and Y3 and indicators porosity and water content. The very different orientation of the two 
regression surfaces in space reveals the good complementarity between surface waves speed 
measurement and electrical resistivity measurement.  
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Figure 3a-b. Regression surfaces from models for Y1 (left) and Y3 (right) as functions of 
porosity and saturation rate. 
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Since the orientation of the planes in the 3D-space are very different, any couple of values 
will provide a well-conditioned pair of equations, enabling a good inversion of the system. 
This can also seen on Figure 4 which represents the projection on the horizontal plane (poro, 
Sr) for a given series of measurements (in fact the average measurements on three specimens 
of mix G3, w/c = 0.55,with a Sr which is slightly above 50 % and a porosity which has been 
measured at 16 %). The figure shows that the information provided by four out of the five 
observables seems to be very consistent, when the fifth one (here Y4) gives a divergent 
information. This comes from the fact that the model used for radar measurement assumes 
some dependancy with porosity which is not significant from a statistical point of view (as it 
had been discussed on Figure 2), thus the model for Y4 is probably not accurate. 
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Figure 4. Regression lines enabling estimation of porosity and saturation rate from 
measurements of the various observables. 
5  Conclusions 
We have shown how, in the frame of a wide experimental program a specific strategy has 
been developed, in parallel with the development of an extensive material database. This 
strategy focused on the objective selection of NDT observables, regarding their ability to be 
used, after inversion of calibration equations, for the estimation of material properties. It has 
been shown here what criteria, based on variance analysis and statistical regression models, 
have been used for selecting these observables. On this basis, one can define the number of 
measurements which are required for quantifying the indicator with a given level of 
confidence. It has also be described how the calibration model can be used to quantify the 
degree of complementarity of different observables, giving an objective basis for an optimal 
choice of observable combination. The illustrative examples have been taken in the field of 
(porosity / saturation rate assessment) but the same could have been done with other material 
(carbonation depth, chloride content) or mechanical indicators. 
In this paper, we considered onloy the case where explicit fM models like that of Equation 
(1) are linking indicators and observables. Non explicit models, like those built using 
artificial neural networks can also be used for reproducing and quantifying these relations. 
Sbartai [10] has recentloy shown how they can enable to evaluate water content or chloride 
content from a series of NDT observables. These models also confirm that the combination of 
several NDT measurements can significantly improve the quality of the material condition 
assessment.  
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